Optical properties of semiconductor nanostructures can be quite different from the bulk semiconductors. We present here results of a photoluminescence study of MBE grown SiGe superlattice structures having inverted quantum huts of Ge formed below Ge-on-Si interfaces. As these structures form by continuous alloying with the lower Si layers, the interfacial strain is greatly reduced, leading to a band-alignment which is different from that obtained for conventional quantum dots formed above Ge-on-Si interfaces. Thus, unlike conventional Ge quantum dots, the presented quantum structures exhibit excitation-power independent photoluminescence emission. Temperature dependence of photoluminescence energy follow typical relation expected in a semiconductor but at higher temperature when dominating contribution comes from the tip of the quantum hut, change in the photoluminescence energy becomes weakly dependent on temperature. These results may be influential in the development of silicon based optical materials.
Introduction
Indirect-gap semiconductor materials like silicon or germanium show poor light emission properties as the momentum wave-vectors of the conduction band minima and valence band maxima are at different positions in k-space requiring inefficient phonon-assisted radiative recombination processes. However, excitons in nanostructures can be quite different and enormous amount of research is being done to embed suitable nanostructures (particularly germanium quantum dots) in silicon, to develop Si-based light emitting material for semiconductor industry [1] [2] [3] . But pseudomorphic growth of Ge (having 4% bigger lattice parameter than Si) quantum dots on Si (001) surface and subsequent capping with Si generate inherent interfacial strain in these materials [4, 5] . The presence of strain at the interface of Ge quantum dot and Si (001) lattice leads to complicated energy-band alignment hindering development of efficient silicon based optical materials as transition remains Type-II, showing strong dependence of photoluminescence (PL) on excitation power [6] [7] [8] [9] [10] . Here we show that Ge inverted quantum hut structures grown within Si (001) crystals reduce importance of the interfacial strain and exhibit strong PL whose energy remains almost independent of the excitation power.
In conventional growth of Ge over Si (001) by molecular beam epitaxy (MBE) technique, first few monolayers form a wet layer followed by the formation of 3-D nanostructures i.e. quantum dots (QD) of Ge to relax the accumulated strain due to the lattice mismatch [4, 5] . These quantum dots with tip pointing up are then overgrown by Si capping in order to avoid oxidation and surface recombination of exciton for the development of a Si based optical material. Recent experiments have shown that at low temperature growth of Si/Ge multi-layers, inverted quantum hut (IQH) structures form below the Ge wet-layer with their apex pointing towards Si substrate [11] [12] [13] . X-ray diffraction results [13] have shown that at low growth temperature (< 500 • C), Ge atoms have lower in-plane diffusivity and hence strain relaxation occurs by interdiffusion with the lower Si layers. During this interdiffusion, atom replacement occurs leading to SiGe alloy formation which lowers the interfacial strain considerably. Unlike conventional Ge QD structures, here we show that these IQH structures exhibit very small (around 2meV) shift in emitted PL at 0.81eV as a function of excitation power.
Experiment
The 10 bilayer Si/Ge superlattice structure was deposited in a solid-source molecular beam epitaxy (MBE) system at a growth temperature of 400 • C at a base pressure of 10 −11 Torr. Si and Ge were grown in same UHV chamber with identical growth condition. A Si buffer layer of 100nm thickness was first deposited on Si (001) substrate, then the 10 bilayer Si/Ge superlattice structure with nominal layer thicknesses of 70/20Å respectively, was grown followed by a Si cap layer of 300Å. Figure 1 As can be seen in Figure 1 (a), the dark lines have higher thickness and the lighter ones have lower thickness hence, Si/Ge layer thicknesses are consistent with what has been provided. Figure 1 (b) shows the high resolution cross-sectional transmission electron microscope (XTEM) image of Ge-IQH structures present in the Si/Ge superlattice. The dark region here represents the presence of Ge and lighter region shows Si. The triangular regions having high contrast are the Ge-IQH structures having their apex towards the Si buffer layer. These Ge-IQH are observed to be self-organized one over the other in various Ge layers in the superlattice. The superlattice period of 90Å can easily be estimated from the portion apart from the Ge-IQH.
The process of the formation of IQH structures has been studied in detail by anomalous x-ray scattering for a similar Si/Ge superlattice structure [13] . It was shown that the deposited Ge layer relaxes strain by diffusing into the previously deposited lower Si layer to form a Si 0.6 Ge 0.4 wet layer and IQH structure form below it. The IQH structures are found to be completely epitaxial and do not consist of any misfit dislocations as can be confirmed from Figure 1(b) . These IQH can be considered to be made up of circular disks with diskdiameter decreasing as one move from the base to the tip of the IQH. Each disk is assigned to a different inplane lattice parameter (a ∥ ) depending upon the composition and strain relaxation at that position within the IQH. Since, the density of the IQHs present in the superlattice system is very low [refer Figure 1 (a)] and we intend to find the lateral size of these IQH, grazing incidence diffraction technique was used to improve the surface sensitivity. The x-ray measurements were performed at P08 beamline of Petra III, Germany. The x-ray energy used was 11 043eV and the incident angle was fixed at 0.1 • . Figure 1 (c) shows typical angular scans in the vicinity of Si (400) diffraction peak. The z-axis is related to the measured intensity and the two in-plane axes (x and y) correspond to angular momentum transfer and the in-plane lattice parameter respectively. The scans are sensitive to different a ∥ and hence each scan corresponds to a particular disk in our model [refer Figure 1 (c)]. The line profiles plotted with each angular scan data (represented by spheres) are the theoretical fits which provide the lateral extent (or diameter) of each disk. The measurements and data fitting have been carried out following a previous study [13] . The primary results obtained from x-ray analysis are shown schematically in Figure 1(d) . As can be observed from the low magnification HAADF image [refer Figure 1 (a)], there is a variation in the size of various IQHs and we have indicated this with two sizes of IQH in Figure 1(d) . The wet layer thickness obtained from xray analysis was found to be around 15Å and the IQHs are shown to be made up of circular disks each corresponding to a particular in-plane lattice parameter. Two nearest IQHs are typically separated by 600Å as observed in the XTEM data. The average diameters of the various disks as obtained from the x-ray study are also indicated. The Si 1−x Ge x composition gradient in each of these disks is shown by the color gradation. The dark color at the rim and tip regions correspond to the presence of higher Ge content (Si 0.7 Ge 0.3 ) as compared to the central lighter region having a rather lower Ge content (Si 0.8 Ge 0.2 ). It is to be noted here that x-ray measurements provide spatially averaged information as compared to the XTEM measurements that provide localized information about a typical IQH present in the system. The information obtained from the x-ray scattering study regarding the average size, composition and strain profile of the IQH structures was found to be consistent with the XTEM results. The intriguing composition variation within IQH lead to a very low strain value of 1.66% between the rim structure and the vicinal Si [13] . We shall discuss here the effect of this low strain value on the optical properties of these superlattices.
Results and Discussion
Temperature and excitation power dependent PL measurements were performed in a closed-cycle helium cryostat having temperature range from 10 to 300K, with a 980nm semiconductor laser. The PL spectra were recorded by a liquid nitrogen cooled InGaAs detector using standard lock-in technique. Figure 2 (a) shows the temperature dependent PL spectra taken at an excitation power of 40mW. The PL signal is observed to be very broad even at low temperatures. The PL spectra from 10 to 50 K have been analyzed using three gaussian curves and the fitted profiles are shown by the dash-dot lines for the 10K spectrum in Figure 2(a) . Thus, a combined contribution from three different PL peaks having their centers positioned around 0.81, 0.87 and 0.92eV leads to a broad PL intensity. The PL emission peak at 0.81eV can be attributed to the confinement of charge-carriers in the IQH structure. The PL from Ge IQH is not phononassisted, hence it corresponds to direct band-gap. The peaks at 0.92 and 0.87eV are the no-phonon (NP W L ) and its transverse-optic (TO W L ) replica respectively which occur due to the exciton confinement in the wet layer [14] . This peak position for wet layer corresponds to a thickness of around 4.5ML [14] which matches quite well with the thickness of nearly 6Å having maximum Ge content of Si 0.6 Ge 0.4 of the present sample. These two peaks are 49meV apart and hence correspond to Si-Ge optical phonon energy peak [15] . The FWHM of the IQH related PL emission peak at 0.81eV is observed to be around 90meV. It is to be noted that width of similar PL emission peaks for conventional Ge quantum dots was found to be around 70meV [16] .
Temperature dependent PL
The temperature dependence of the three PL peak energies is shown in Figure 2 PL intensities (I P L ) for all the three peaks are seen to decrease with rise in temperature. This shows that the bound-excitons attain thermal energy to escape the bound-state and recombine non-radiatively as the temperature increases.
Excitation power dependent PL
Excitation power dependent measurements were performed at 10K and the results are shown in Figure 3 (a). A shift in the peak emission energy depends upon the type of band lineup present in the system. It is well documented that conventional Ge QD grown above Ge wet layer exhibit Type II band-alignment, where carriers are trapped in the notch potential of strained Si/Ge interface, with holes inside the Ge and electrons inside the Si region. These spatially separated charge carriers build up an electrostatic potential which bends the energy-bands [17] as the carrier concentration increases with the increased excitation power. In conventional QD system, the Si conduction band-bending shifts the electrons to higher energies due to increased confinement in the notch potential that leads to a blue shift in the PL emission energy [18] . However, Ge IQH struc-tures presented here have exhibited considerably lower interfacial strain and the effect of cap layer can be neglected here. We have found here that with the variation in pump power, the peak positions of all the transitions remain almost unaltered [refer Figure 3(b) ]. This shows that the transitions related to these PL emissions are not Type-II and no band-bending is induced with the increase in excitation power. These measurements were performed at 30K and 50K as well. At higher temperature also, no change in the emitted PL energy with excitation power was observed. Self-assembled growth of the IQH structures with SiGe alloying within Si (001) lattice reduces the strain considerably and hence reduces the conduction band offset [17] . Hence, position of PL of the IQH structures was found to be independent of excitation power as has been observed previously in annealed Ge quantum dot samples [7] . The thermal activation energy for the IQH related peak can be calculated by following equation [18] :
where I 0 is the maximum intensity, E 1 and E 2 are the thermal activation energies, C 1 and C 2 are fitting parameters and k is Boltzmann's constant. In Figure 4 (a) we have shown the fitted variation of I 0 /I P L of IQH emission as a function of temperature to reveal the role of two activation energies 12.2 and 51.6meV. The activation energy of 12.2meV contributes only in the lowtemperature region and that of 51.6meV correspond to higher temperatures. It is interesting to note that the activation energy of 51.6meV corresponds to a carrier confinement dimension of 70Å [16] which is nearly the size of the tip of IQH structures as obtained from the XTEM and x-ray studies. Thus, this activation energy of 51.6meV corresponds to the tip region of the IQH and that of 12.2meV is due to confinement of carriers in the base region of IQH. As the temperature increases, the bound excitons dissociate into free or non-correlated pairs of electron and holes which lead to a decrease in the PL intensity. From XTEM and x-ray studies, it is known that the density of IQH in the superlattice system is very low and only 15% of total Ge resides in them while rest of the Ge belongs to the wet layer. Despite the very low Ge content, the IQH show very high PL emission due to the exciton confinement in these structures.
The PL peak originated from IQH shifts the energy position from 0.81 to 0.79eV as the temperature is raised from 10 to 90K. The temperature dependence of this band-gap related emission can be approximated by Varshni's equation [19] given by E(T ) = E g −(αT 2 )/(T + β) as shown in Figure 4(b) , where α = 0.0012eV/K and β = 210K. E g is the band-gap at 0K and is found to be 0.82eV. It should be noted that the IQH peak follows Varshni's relation only in the low temperature region and at high temperatures, the IQH indicate higher band-gap than expected by Varshni's relation. It is to be noted here that atom-like levels expected in quantum structures may not show variation of 'band-gap' with temperature. Figure 4(c) shows the variation of integrated PL intensity (I P L ) with the excitation power for the IQH related PL emission. It is observed that the I P L first increases with excitation power and then abruptly saturates above 64mW excitation power.
Conclusions
We have presented here results of a photoluminescence study of MBE grown SiGe superlattice structures having inverted quantum huts with high Ge content formed below Ge-on-Si interfaces. Unlike conventional Ge quantum dots formed above Ge-on-Si interfaces, the presented quantum structures exhibit excitation-power independent photoluminescence energy. It is known that the intensity depends on excitation as I ∝ P m where 'I' represents the PL intensity and 'P' the excitation power, the exponent 'm' is found to be 1 for this IQH related PL emission which further indicates the bandalignment to be Type-I. The saturation of the peak intensities can be attributed to the filling of finite density of states in the IQH and wet layer as the excitation energy used here was not high enough. The presented results may play a significant role in the development of silicon based optical materials. However further studies are required to establish that the observed PL is of Type-I.
